Abstract-A novel compact planar triple-band bandpass filter using two sets of short stub-loaded stepped impedance resonators (SSLSIRs) and a pair of embedded stepped impedance resonators (ESIRs) has been proposed. The SSLSIRs can adjust the bandwidths of the corresponding passbands over a wide range, and the ESIRs employing non 0 • -feed coupled structure with mixed electric and magnetic coupling can obtain an extra transmission zero. The embedded resonators structure can further miniaturize the dimensions of the whole triple-band filter. The operating frequencies of the SSLSIRs and ESIRs are designed for the applications of the WLAN (2.45/5.2 GHz) and WiMAX (3.5 GHz) systems, respectively. The simulated and measured results are both presented and show good agreement.
INTRODUCTION
Due to low cost and convenient integration, planar microstrip multiple-band bandpass filters (BPFs) have been widely explored to satisfy concurrently multiple microwave and wireless communication systems such as GSM (0.9/1.8 GHz), WiMAX (3.5 GHz) and WLAN (2.4/5.2 GHz) applications.
A variety of approaches to design microstrip dual-band or multi-band bandpass filters have been proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] . One of the methods to achieve multi-band response with compact size and high performance is to employ the stepped impedance resonators (SIRs) [8] [9] [10] .
In 1979, Makimoto and Yamashita [11] created SIR technique for the design of compact and high-Q bandpass filters. From then on, a multitude of improved bandpass filters based on SIRs have been developed [12] [13] [14] [15] [16] [17] . Using the method of the odd-and even-mode analysis, the open or short stub-loaded resonators (SLRs) are another new and useful structures to design dual-band and even multi-band filters [18] [19] [20] [21] [22] [23] [24] . In [18] , a dualband BPF using open stub-loaded resonator (OSLR) and 0 • feeding structure was first analyzed and designed. Moreover, the short stubloaded resonator (SSLR) was also analyzed in [19] for design of compact bandpass filter. In [22] , a multi-mode multi-band filter using both short and open stub-loaded resonator was proposed to make the size more compact. Furthermore, a new tri-band filter with combined SIR and OSLR structures was analyzed and discussed [10] . However, the bandwidths of three passbands were hardly adjusted over a wide range.
To miniaturize the dimensions of the overall structure, the embedded resonator was explored and developed. A dual-feeding structure with embedded resonators was employed to design a compact dual-band filter [2] . In [4] , two sets of spiral-lines were embedded in the rectangular open loops to obtain the embedded spiral resonators. These embedded-shaped structures could greatly reduce the overall size and make the filter much more compact.
In this paper, we proposed and analyzed a novel miniaturized planar microstrip tri-band BPF using two sets of SSLSIRs and a pair of ESIRs with a direct-coupled feeding structure.
The proposed filter with three passbands is centered at 2.45/3.5/5.2 GHz for combination of WiMAX (3.5 GHz) and WLAN (2.45/5.2 GHz) applications. Meanwhile, the proposed filter has compact circuit size and strong design flexibility since it is implemented with three parallel transmission paths for three specific passbands and easily determined by tuning the parameters of each resonator, which is convenient to design each single-band independently.
RESONATOR ANALYSIS OF THE TRI-BAND BPF
The proposed structure of the tri-band BPF is shown in Fig. 1 . It consists of two sets of the SSLSIRs, a pair of ESIRs and two directly tapped coupling 50 Ω feed lines with the non 0 • -feed coupled structure. 
Analysis of the SSLSIR
In [10] , the open stub-loaded SIR has been analyzed to design a triband BPF. Here, the proposed SSLSIR, a short stub-loaded section over the symmetric plane of the SIR as shown in Fig. 2(a) , can be also analyzed as follows. The impedance ratio (K 1 , K 2 ) and the length ratio (α, γ) are respectively defined as
where
. The resonant conditions of the SSLSIR will occur when Y in = 0. By using the method of the odd-and even-mode analysis [18] , the odd-and even-mode equivalent circuits are shown in Fig. 2 (b) and Fig. 2(c) , respectively, and the resonant condition can be expressed as follows.
The odd-mode resonances:
The even-mode resonances:
From Equation (2), we can see that the odd-mode resonant condition of the SSLSIR is the same as that of the open stub-loaded SIR. All of the electrical length θ 1 , θ 2 and θ s are determined for the fundamental resonant frequency f 0 . Several solutions for θ 1 , θ 2 , and θ s are dependent on the choice of the impedance ratio and length ratio. Compared with the conventional SIRs [11] , there are more parameters to tune the distance between different resonant frequencies, thus more design freedom can be obtained. For instance, the higher resonantfrequency modes of the SSLSIR can be more easily shifted to far away or close to the fundamental resonant frequency with the help of the short stub section. Therefore, it is a great method to design a compact multi-band or wideband filter using the SSLSIR.
In this work, we use two different-dimension SSLSIRs to achieve two corresponding wide passband responses. Each of the SSLSIRs results in respective passband, and it is easy to adjust the bandwidth of each passband by changing the value γ of the corresponding SSLSIR. Fig. 3 shows the varied 3-dB bandwidths for the SSLSIRs with different impedance ratios and length ratios at 2.45 GHz and 5.2 GHz passbands, respectively. The bandwidth is increased to almost two times from around 10% to 20% when γ is varied from about 0.06 to 0.13 with K 1 = 1.6, K 2 = 0.8 and α = 0.54 at the center frequency 2.45 GHz. While at the upper passband 5.2 GHz, as the length ratio γ increases with K 1 = 0.4, K 2 = 0.33 and α = 0.8, the bandwidth will be Figure 3 . The 3-dB bandwidth against different length ratio γ at the lower and upper passbands separately (inset plot is the layout of dual-band filter using two different-dimension SSLSIRs). also raised. To observe the adjustable bandwidth more clearly and explicitly, we take the upper passband of the dual-band filter for instance as shown in Fig. 4 . When the length of the short stub L stub1 increases but the other dimensions are fixed, the bandwidth will increase over a wide range. Actually, we can also obtain the same result from the lower passband. Figure 5 . Structure of tri-band filter using SSLSIRs and a pair of ESIRs.
Analysis of the ESIR
Based on the above-mentioned dual-band filter using two sets of the SSLSIRs, two-order ESIRs as the sub structure are embedded into the main structure, which can be illustrated in Fig. 5 . The sub filter shown in Fig. 6 consists of two conventional SIRs with directly tapped input/output (I/O) coupling. The main structure of Fig. 5 and the sub filter of Fig. 6 have the same coupling spacing s 4 . In order to realize the desired coupling coefficient k of the sub filter for 3.5-GHz passband, the tap d 1 and gap s 4 of the ESIR are found to be the critical design parameter to dominate the k. Due to the geometric limitation of the main structure, the sub filter can only employ non 0 • -feed coupled structure rather than 0 • -feed coupled structure [25] , where no transmission zeros will appear. In this work, however, the mixed electric and magnetic coupling [26] between two SIRs are applied to obtain an extra transmission zero. Thus, the passband selectivity and stopband rejection of the filter can be effectively improved. Fig. 7 shows the S-parameter comparison of the sub filters with two different coupling styles, i.e., mixed electric and magnetic coupling, and only electric coupling.
RESULTS OF THE TRI-BAND FILTER
Combining two sets of SSLSIRs and a pair of ESIRs, the proposed tri-band BPF with three center frequencies at 2.45, 3.5, 5.2 GHz was Figure 6 . Structure of the sub filter using a pair of SIRs. designed and fabricated on the RF-35 substrate with the relative dielectric constant of 3.5 and the thickness of 0.508 mm. Due to the mutual-coupling of three resonators, it is found that the 5.2 GHz passband increases in frequency, but that could be modified by the increase of the length of L 1 . Finally, the parameters shown in Fig. 1 are chosen as follows: Figure 8 depicts the current density at three resonant frequencies. In Fig. 8(a) , the first resonance created by one SSLSIR generates a RF signal path from source to load. In this case, the other SSLSIR and the ESIRs do not resonate, so they do not affect the response of the first passband. Similarly, as shown in Fig. 8(b) and Fig. 8(c) , the other two RF signal paths are generated by the other SSLSIR and ESIRs respectively, to obtain the second and third passbands. Each passband can be implemented individually, and good selectivity and low insertion loss of the each passband can be well achieved.
The simulation and measurement are accomplished by the high frequency structural simulator (HFSS) and 8757D network analyzer, respectively. Both measured and simulated results are plotted in Fig. 9 . As can be seen from Fig. 9 , the filter has three passbands centered at 2.45, 3.5 and 5.2 GHz with 3-dB bandwidths of 235 MHz (9.6%), 458 MHz (13.1%) and 410 MHz (7.9%), respectively. The insertion losses, including the losses from two SMA connectors, are 1.2, 1.5 and 1.6 dB at 2.45, 3.5 and 5.2-GHz passbands, respectively. While the return losses within the three passbands are better than 12.9 dB. The measured results are in good agreement with the full-wave simulated ones. Slight deviation is observed, which could be attributed to fabrication tolerance in the implementation. Its size only amounts to 13.3 mm×19.8 mm (0.18λ g ×0.27λ g , where λ g is the guided wavelength of 50 Ohm microstrip at the center frequency of the first passband). Table 1 summarizes the comparisons of the proposed filter with other reported tri-band filters in recent years. It demonstrates that this work has realized miniaturization and improved selectivity with wide band. Fig. 10 shows the photograph of the fabricated filter. 
CONCLUSION
In this paper, a simple and effective approach to design a low-loss miniaturized tri-band filter based on SSLSIRs and ESIRs is presented. The proposed filter is designed to meet the specifications at the first passband of 2.45 GHz, at the second passband of 3.5 GHz, and at the third passband of 5.2 GHz. The new SSLSIRs possess the advantage of adjustable bandwidths, and the ESIRs employ non 0 • -feed coupled structure with mixed electric and magnetic coupling to obtain an extra transmission zero. Moreover, the embedded resonators structure can further miniaturize the dimensions of the overall structure. The simulated and measured results show that the proposed compact filter has the advantage of tri-band response, low insertion loss, high skirt selectivity and low cost for WLAN and WiMAX applications.
